We use first-principles calculations based on many-body perturbation theory to investigate the near-edge electronic and optical properties of β-Ga 2 O 3 . The fundamental band gap is indirect, but the minimum direct gap is only 29 meV higher in energy, which explains the strong near-edge absorption. Our calculations verify the anisotropy of the absorption onset and explain the range (4.4-5.0 eV) of experimentally reported band-gap values. Our results for the radiative recombination rate indicate that intrinsic light emission in the deep-UV range is possible in this indirect-gap semiconductor at high excitation.
absorption edges. 10 Several mechanisms have been proposed to explain the UVA/visible luminescence of β-Ga 2 O 3 , including vacancies and other defects and self-trapped hole polarons. 10, 11 In this work, we use predictive calculations to investigate the near-edge electronic and optical properties of β-Ga 2 O 3 to resolve open questions about the nature of its band gap. We determine the energies, orbital character, and locations of the band extrema and correlate them with the measured optical properties. We show that β-Ga 2 O 3 is an indirect-gap semiconductor, but the lowest direct gap is only 29 meV larger. To understand the optical properties, we calculate the imaginary part of the dielectric function and the radiative recombination rates at various temperatures and carrier concentrations. Our results explain the different reported optical absorption onsets and demonstrate that intrinsic light emission is possible in this indirect-gap semiconductor.
We performed first-principles calculations using density functional theory and the local-density approximation (LDA) with the Quantum ESPRESSO code. 12 Subsequently, we corrected the band gap with many-body perturbation theory and the G 0 W 0 method using the BerkeleyGW software. 13 We also applied the maximally localized Wannier function method 14 and the Wannier90 code 15 to obtain band structures, dielectric functions, and radiative recombination coefficients 16 . GW calculations used semicore norm-conserving pseudopotentials, 17 which treat the Ga 3s, 3p, and 3d electrons as valence states, 18 the generalized plasmon-pole model for the extrapolation of the dielectric function to finite frequency, 19 and the static-remainder approach to converge the sum over unoccupied states. 20 The radiative recombination coefficient was evaluated using Equation (6) in Ref. 16 by interpolating the GW quasiparticle energies and optical matrix elements to fine meshes to sample the small region of the first Brillouin zone occupied by carriers. The band occupations by free carriers were determined using Fermi-Dirac statistics and the frozen-band approximation. The parameters used for the calculations are provided in the Supplementary Material. Calculations were performed using the experimental lattice parameters and atomic positions (Table SI and Figure S1 in the Supplementary Material). 21 The lattice vector magnitudes changed by 0. The near-edge band structure of β-Ga 2 O 3 calculated with LDA and LDA+G 0 W 0 is shown in Fig. 1 (the band structure over a broader energy range is shown in the Supplementary Material, Fig. S2 valence band maximum slightly off the R point along the R-Γ line. Note that the Brillouin zone special points were assigned based on the TRI 1b lattice as determined by Setyawan and Curtarolo. 23 Our LDA+G 0 W 0 band structure and band gap are in overall agreement with previous theory and experiment ( Table I) To understand the directionally dependent experimental optical absorption spectra, we need to consider not only the band gap, but also the optical matrix elements for the first several interband transitions. Numerous experiments reported directionally dependent absorption onsets using different polarization angles and crystal orientations. 7, [30] [31] [32] [33] [34] The different edges arise from several hole bands of different symmetry that reside within 1 eV from the local valence band (VB) maximum at Γ. 24 Direct optical transitions from the topmost six valence bands to the bottom conduction band at Γ occur at 4.27, 4.48, 4.71, 4.79, 4.82, and 5.12 eV, as determined from our LDA+G 0 W 0 band structure, and correspond to polarization-dependent absorption onsets (Table SII and The optical matrix elements of the allowed Γ-Γ transitions explain the directionally dependent onset of the calculated imaginary part of the dielectric function (Fig. 2a) since the matrix elements show that each of the bottom four transitions are allowed for only one polarization direction in this material.
As seen in Fig. 2 , the energies of the absorption onsets match the allowed transition energies for the Γ-Γ transitions. The shoulder around 4.7-5.1 eV along the !-direction (also seen experimentally at a smaller intensity 34 ) arises from the small but non-zero matrix element of the fourth from the top VB to the CBM, while the larger matrix element of the sixth from the top VB to the CBM dominates at higher energies.
The energies on either side of the shoulder also agree with the allowed Γ-Γ transition energies above.
Our analysis of the matrix elements and the polarization-dependent absorption edges agrees with the results of Sturm et al. 34 Our results further validate that the measured absorption onset of β-Ga Our results also show that, despite having an indirect fundamental gap, β-Ga 2 O 3 is capable of light emission similar to direct-gap materials. The local VBM at Γ, which corresponds to the lowest-energy direct optical transition, is only 29 meV lower than the global VBM at R. At low carrier concentrations and temperatures, all holes occupy the R valley. As the carrier concentration or temperature increases, holes begin to populate the Γ valley as well. Energy isosurfaces of the top VB are found in the supplementary material (Fig. S3) . As the Γ valley fills with holes, light emission becomes possible.
The radiative recombination rate ! rad = !"/!" = !! ! is proportional to the square of the carrier concentration !, where ! is the bimolecular radiative recombination coefficient. The magnitude of ! was calculated for a range of carrier concentrations and temperatures (Fig. 3) The ! coefficient decreases with subsequent temperature increase, as in direct-gap materials. Fig. 4 shows the temperature dependence of the ! coefficient at a carrier concentration of 10 15 cm -3 . Our results prove that, despite having an indirect band gap, β-Ga 2 O 3 can emit light like a direct-gap material, albeit at a lower recombination rate.
We note that the deep-UV luminescence at photon energies corresponding to the band gap of β-Ga 2 O 3 (4.4-5.0 eV) has not been observed for bulk or thin-film samples. The reported luminescence in the visible range is attributed to defects, 11 while the near-UV luminescence (3.1 eV) is caused by localization of self-trapped hole polarons. 35 However, deep-UV luminescence has been observed in β-Ga 2 O 3 nanowires. 10 One explanation for the emergence of the deep-UV luminescence in nanowires is the reduced concentration of defects. 10 However, self-trapped hole polarons are expected to be stable 
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Computational Details
For our density functional theory (DFT) calculations, we used the local-density approximation (LDA) exchange-correlation functional, a plane-wave basis set with a 250 Ry cutoff energy, and a Brillouin-zone sampling grid of 12×6×6. These values converge the total energy to 150 mRy and the electron eigenenergies for states within 6 eV from the band extrema to 1-2 meV. For the GW calculations, the semi-core states were excluded from the parameterization of the generalized plasmon-pole model used to extrapolate the dielectric matrix to finite frequencies, 1 and we used an 8×4×4 Brillouin-zone sampling grid, a screened Coulomb energy cutoff of 45 Ry, and a summation over 3,000 bands. These parameters converge the band gap to within 0.1 eV. We did not consider excitonic effects in the evaluation of the dielectric functions, since excitonic interactions are weakened by phonon screening and dissociate at RT. 2 Radiative recombination coefficients were calculated using Wannier interpolation and a Brillouin-zone sampling grid of 168×108×108.
3
Crystal Structure of β-Ga 2 O 3 The conventional cell of monoclinic β-Ga 2 O 3 belongs to the C2/m space group and contains twenty atoms. 4 The gallium ions inhabit two crystallographically distinct positions with half of the ions in an octahedral and half in a tetrahedral geometry. Three different oxygen ion environments exist in the crystal structure, forming a distorted cubic close-packed arrangement. For our calculations we used the primitive unit cell containing four Ga and six O atoms (Fig. S1 ). This specific primitive cell has a triclinic geometry, where two of the lattice vectors are similar in magnitude. Table SI shows the experimental primitive unit cell lattice vectors and angles used in our calculations. We used the experimental lattice parameters and atomic coordinates without structural relaxation to avoid artifacts by theoretical structural optimization errors on the calculated band structure. 
